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ABSTRACT

For the safety assessment of LMFBRs, much effort has been
devoted to the analyses of LOF accident sequences with an emphasis
on initiating-phase (IP) energetics (LOF-d-TOP event). Important
knowledge and experiences on the TP energetics have been accumulated
through reactor studies and in-pile experiment analyses, typically
for the CABRI experiments. The present paper summarises the current
understanding of key phenomenology relevant to the 1P energetics
based on the CABRI experiment analyses and the validation study for
the PAPAS-2S, SAS3D and SAS4A codes.
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1. INTRODUCTION

The energetics potential in postulated core disruptive accideunts
(CDAs) has been one of major concerns in the safety of liquid-metal
fast breeder reactors (LMFBRs), because the mechanical consequences
may challenge the integrity of the reactor vessel (refs. 1, 2). On
this subject, much effort has been devoted to the analyses of an
unprotected loss—of-flow (LOF) accident sequences with an emphasis
on the initiating-phase (IP) energetics. .

This includes extensive reactor analyses with the SAS3D code
(ref. 3) for a 700 MW(th)-class LMFBR with a homogeneous core design
(ref. 2). Although the result exhibits relatively wide spectrum of
sequences, the most probable sequence of the ULOF accident is
energetically mild. An energetic accident progression, typically
leading to a LOF-driven—transient-overpower (LOF-d-TOP) event, is
found only when the pessimistic assumptions are superimposed such
as: taking no credit for axial fuel expansion; using counservative
reactivity coefficients; and suppressing an early fuel dispersive
potential by fission gases.

This conclusion on the IP energetics makes a common basis with
the other reactor studies for the moderate void-reactivity cores
(refs. 1,4,5).

The energetic sequence, on the basis of conservatism, has been
recognised to be an important issue for enveloping sufficiently
phenomenological uncertainties and for confirming the safety margin
to the vessel integrity.

The key phenomena in such upper-bound sequences are: (1) fuel
dispersal in voided lead subassemblies (8/As); (2) fuel failure in
partially—- or un-voided S/As; and (3) resultant molten—fuel-coolant
interactions (MFCIs).

For a realistic assessment of the energetics, therefore, these
phenomena and the validity of relevant physical models must be
investigated against experimental data simulating the high power
and heating-rate condition (ref. 3).

In this respect, the CABRI in-pile experiments (ref. 6),
which systematically cover various transient conditions with

energetic power bursts, have provided valuable information
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on the 1P phenomenology.

An example of the characteristic test conditions is indicated
in Fig. 1, where the fuel energy conditions for typical CABRI tests
well represent the S/As approaching a LOF-d-TOP condition in the
upper-bound reactor cases.

The several CABRI experiments have been selectively analysed
to examine separately the above key phenomena with a suitable choice
of the safety analysis codes PAPAS-25 (ref. 10), SAS3D and SAS4A
(ref. 11). General characteristics for the tests studied are sche-
matically explained in Fig. 2 with main transient conditions.

The present paper summarises the current understanding of key
phenomenclogy and status of the code-validation studies based on the
experiment analyses. Detailed information on the conditions and

the results of the CABRI experiments are found in Refs. 6 - 9.

2. FUEL MOTION IN VOIDED CHANNEL

The fuel motion phenomenon in the lead $/As is very important
in determining the possibility and severity of a LOF-d-TOP event
and hence in assessing the IP energetics. In CABRI tests, energetic
power pulses were triggered following the extended LOF conditions
with channel voiding and cladding relocation. In these tests, an
axially bi-directional dispersive fuel motion shortly after the
initial fuel disruption was observed by a neutron hodoscope (ref. 8.)

To investigate the mechanisms and behaviour of the fuel
motion, extensive experiment aunalyses have been performed. Among
these, the results of SAS3D and SAS4A analyses of the BS test, a
typical LOF-d-TOP experiment with a fresh fuel pin, are described in
the following. The phenomena.specifically discussed include: coolant
boiling and cladding relocation, fuel disruption, and fuel motion
mechanisms.

Other experiments and analyses are also referred to when they

are necessitated.

Coclant boiling and cladding relocation

It was shown that both SAS3D and SAS4A could successfully

simulate the LOF boiling phase before the power burst. Generally
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good agreements with measured data were obtained for evolution of
the void and clad-melting boundaries (ref. 9). One example of
comparisons with measured data is indicated in Fig. 3.

Figure 6(3) shows the coolant channel state at pulse trigger—
ing in the SAS4A analysis. Some molten cladding remains on the fuel
and only partial blockages are formed, mainly because of a wide
flow area in the test section. The SAS3D result in Fig. 3 shows the
same trend which is fairly comsistent to the measured flow response
and the results of post—test examination for a simple LOF test Bl.

Further, the temperature of the refrozen cladding was still
close to the melting point of steel, and hence the flow path would

be available for possible later fuel dispersal.

Fuel disruption

In the B5 test, the fuel disruption was observed at 58 ms
into the pulse triggering, when the average fuel energy exceeded the
liquidus point. This implies that the liquid fuel expansion was a
main disruption mechanism for the fresh fuel.

The in-pile fuel-disruption experiment at Sandia (ref. 12)
indicated that the mode of disruption is very sensitive to the fuel
heating rate and that a high heating rate like in CABRI leads to a
dispersive mode (ligquid-spray or fine break) both for fresh and
irradiated fuel. Such efficient fuel fluidisation may alsoc promote
mixing and heat exchange with the remaining molten steel.

After the fuel disruption, the fuel motion is governed by
various pressure sources. Although the fuel vapour is dominant in
an extremely energetic case, other sources, such as fission gas,
steel and sodium vapour, are also available for driving the fuel

motion.

Effect of fission gas on fuel motion

The effect of fission gas is noticed when the irradiated fuel
test BI3 (1 % burnup) is compared with the fresh—fuel test B4. That
is, the dispersive fuel motion was observed in BI3 with much lower
fuel energy state than in B4.

Such an irradiation effect was also confirmed in the several

TREAT in-pile tests (refs. 13,14). Hence the effect of fission gas
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on the early fuel dispersal is acceptable, though the complex fission

gas dynamics throughout the transient is still to be resolved.

Effect of steel vapour on fuel motion

It has been pointed out that the effect of steel vapour becomes
important in an energetic LOF sequence, hecause the fuel and the
cladding tend to co-disrupt in lead $/As without separate cladding
relocation (refs. 1, 4). |

The parametric analyses on the fuel motion phenomenon indicate
clearly that fuel motion observed shortly after the disruption cannot
be explained only by the fuel-vapour pressure, but by the contribution
of the steel vapour pressure. The results of the parametric cases
are depicted in Fig. 4, where the evolution of normalised fuel worths
is shown to compare the overall trends of fuel motion. The dotted
regions show the fuel worth change roughly estimated by correcting
the averaged hodoscope data to bound the uncertainty in the self-
shielding effect.

Case D with SAS4A was recognised to explain the observed
phencmena most consistently. 1In Case C, the molten cladding 6nly
works as a heat sink, resulting in considerably slow fuel motion
with delayed fuel vapourisation.

Case A with SAS3D, in which all the molten cladding is assumed
to relocate and to form rigid blockages, is also unrealistic,
cqnsidering the situation in Fig. 6(3). Case B was intended to
calibrate the SLUMPY parameters effective for initial pressurisation,
such as the fuel-to-steel mixing ratio and the heat-transfer rate.
The results showed the comparative fuel behaviour with Case D,
although more fuel penetrated into the blanket region because the
interactions with intact structures were poorly modelled.

Figure 5 compares the calculated fuel distributions by SAS3D
and SASZ4A with the hodoscope data for the selected time intervals.
The SAS3D result in the figure corresponds to a modified Case B with
increased fuel viscosity, and the SAS4A result is adopted from Case
D. The both cases well explain the global trend in the observed
fuel motion.

Figure 6 exhibits the material-motion behaviour in Case D.

In this analysis, the partial cladding blockage formed previously
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is remelted by a contact with the hot fuel and then this influences
the subsequent material motion. The temporary fuel accumulation
around 65 to 75 ms observed by the hodoscope well explains this

behaviour.

In the test, further upward fuel motion is followed, indicating
the highly dispersive potential. These extended fuel behaviours,
however, are not realistically treated by SAS3D. For instance, the
analysis in Fig. 5 results in a complete stoppage of the upper moving

front.

Effect of sodium vapour on fuel motion

The initial dispersive fuel motion up to around 70 ms was
controlled by pressure generation inside the disrupted region, and
the later motion was affected by possible interactions of the liquid
fuel with the other materials near the relatively cold regions.

In the lower region near the sodium Interface, an interaction
between the molten materials with the sodium slug was observed,
possibly because of a relatively short distance between the liquid
slug and the disrupted fuel region. This phenomenon was also
gimulated in the SAS4A analysis shown in Fig. 6(5-8).

Careful examination of the SAS4A analysis suggests that its
prompt effect on fuel motiom is rather localised near the interacting
region, because it cannot change the pressure gradient which has
been developed by steel vapourisation. Nevertheless, the sodium
vapourisation plays an important role in driving the later dispersive
fuel motion.

The above discussions conclude that the steel vapour increases
the disrupted-region pressure sufficiently to cause an early fuel
dispersal under an energetic power burst condition, and that the
sodium vapour generated at the lower interface may potentially enhance
the fuel dispersal. The both mechanisms are closely linked to the
disruption mode and pre-overpower channel state which determine the
mixing condition of core materials.

SAS4A has revealed its advanced capabilities for realistic
analyses of the experiments. BSAS3D, in which the fuel motion is
modelled more parametrically, is alse recognised to be quite valuable

especially in a conservative analysis if the model parameters are
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selected properly.
3. FUEL-PIN RESPONSE UP TO FAILURE

The thermo~mechanical respense of a fuel pin subjected to a
CABRI transient was analysed by the PAPAS2S code. The code has been
developed at PNC aiming at detailed examinations of the fuel-pin
failure mechanism and resultant MFCI phenomena in an unvoided or
partially voided channel. The code is also used for reactor analyses
to support the SAS3D and SAS4A codes.

The analytical models for the fuel-pin deformation and MFCI
are based on DEFORM-II (ref. 15) and EULFCI (ref. 16), respectively,
and the coolant boiling is treated by a multi-bubble, slug-ejection
model.

In the experiment analyses, the data obtained from PIE and
the material properties of the sibling and test pins are also taken

fully into account for precise analytical condition.

Axial fuel expansion

A comparison between the experimental data and the PAPAS-23
analyses for the various CABRI tests shows that almost free expansion
of a fuel stack is expected at least until a tight contact between
the fuel pellets and cladding occurs. Also indicated is that the
stick formation under an overpower condition considerably reduces
the expansion depending on the initial gap size and the axial extent
of the contact.

Figure 7 compares the calculated and measured fuel expansion
during the LOF phase in the B4 and BI3 tests. Pre— and post—boiling
thermal responses of the fuel well explain the measured expansion
behaviour.

Therefore, the fuel expansion is effective during the pre-
overpower LOF phase in which the open gap condition over a wide
axial region 1s maintained or encounteréd by cladding heatup. This
contributes to a negative reactivity feedback in a LOF accident in

an LMFBR.
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Fuel-pin failure

The fuel-pin failure condition relating to the LOF-d-TOP

event is crucial in assessing the IP energeties. In particular, the
agsgsumption of an imposed midplane failure with a low energy threshold
often augments drastically the energetics level. '

The CABRI experiments, simulating various coolant conditions
before the power burst, have provided wvaluable data on this issue.
Based on the five I-series CABRI experiments (AIZ, AI3, BI2, BIL4 and
BI6), the average peak enthalpy of fuel at pin failure was evaluated
to be 1.35 * 0.05 kJ/g and the average relative height of the failure
positions was 0.64 * 0.06.

The failure energy‘is obviously higher than that obtained in
the E- and HUT-series TREAT experiments (ref. 1). This implies an
important effect of the fuel heating rate on the failure threshold.
Figure 8 indicates the relationship between fuel failure energies
and fuel heating rates for the TREAT and CABRI experiments. Namely,
the energy deposition rates in CABRI are an-order—of-magnitude
higher than in TREAT, and more adiabatic heating in CABRI seems to
have enhanced the failure energy.

In spite of such a high energy—deposition rate with a
relatively high axial power peaking (1.33), the initial failure
sites were located above the midplane, especially in the LOF-d-TOP
tests. This suggests a considerable effect of the cladding
temperature profile determined by the coolant condition.

Based on the PAPAS-28 analyses, the basie failure mechanism
of the fuel pin in CABRI is characterised by the fuel-pin cavity
pressurisation by molten fuel with the cladding strength deteriorated
by an elevated temperature level. This then determines the cladding
strain behaviour, including the axial profile and the stain rate,
and finally causes the fuel-pin failure.

Figure 9 depicts the transient cladding strain behaviour at
the failure position predicted by PAPAS-2S. As seen in the figure,
the failure occurs during the unldading phase of a pellet—-cladding
mechanical interaction, and coincides with the timing of increasing
strain rate due to the cavity pressurisation under the elevated
cladding temperature conditiom.

The cavity pressurisation is affected by several features,
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such as the fuel—pin characteristics (fuel density, fission-gas
retention, gap size, etc.), the extent of fuel-melting progression
and the axial fuel expansion.

The sensitivity study by PAPAS-2S revealed that the initial
fuel-cladding gap size and the axial fuel expansion potential play
important roles in determining an available cavity volume to
accommodate the intermal pressure.

The‘fuel pins used in the I-series tests had narrow gaps (ca.
10u m at cold condition) and resulted in a limited axial expansion
during the transient. A larger gap size (ca. 60mm) in the AH3
test, due to the irradiation clad swelling, resulted in a much
higher failure energy (1.65 XJ/g). 1In spite of the high burnup
condition (4.8 %), the failure threshold was comparable with the
results of the fresh—fuel tests. These findings may explain the
above arguments.

As shown in Fig. 10, the observed failure sites clearly
correspond to the peak strain nodes in the analyses. The axial
strain profile is influenced alsc by the coolant condition at the
power burst. That is, the preceding LOF phase in BI2 (unvoided),
BI4 and BI6 (partially voided) makes the upper cladding temperature
distribution higher (more than 1000 °C) and flatter. Thus the
possibility of the above~midplane failure is further increased.

Also indicated in Fig. 10 is that the high cladding strain
develops over a wide length, particularly in the LOF-d-TOP cases.
This, together with the high cladding temperature level and the
extended fuel melting, implies a potential of axial failure
propagation. This potential might be supported by the fact that
two faillure sites were observed in the most energetic test BI6.
Therefore, the fixed failure site at the core midplane, postulated
in conservative reactor analyses, seems unrealistic under the LOF~d-
TOP condition.

With respect to the criteria to predict fuel-pin failure, the
life-fraction rule (ref. 17) with Larson-Miller parameters is found
to be most applicable, since this reasonably reflects the actual
loading mechanism of the cladding mentioned previously.

The failure times and positions predicted by this criterion

are compared with the experimental results in Table 1. Overall
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agreements are good except for somewhat delayed failure predicted in
the least energetic test BI4.

It has been confirmed through the extensive experiment analyses
that PAPAS-2S, incorporating the above criterion, is highly useful
for predicting the fuel-pin failure in LOF-d-TOPs.

4. MPCI IN UNVOIDED CHANNEL

The MFCI phenomena in an unvoided channel in the AI3 and BI2
tests were analysed by SAS3D and PAPAS-2S. The test pins were
subjected to almost the same energy deposition during a TOP phase,

and BI2 was preceded by a LOF phase.

Coolant dynamics

In both the tests, rapid fuel ejection and flow expulsions
(see Fig. 12) were observed upon the fuel-pin failure. This may also
result from the failure mode, discussed above, under high cavity
pressure and extended fuel melting.

Based on the analyses, this initial flow acceleration was
caused first by the channel pressurisation due to fuel and fission—
gas ejection, and then by sodium vapourisation from MFCIs. The
fuel-to-sodium heat transfer seems to be highly efficient. That is,
the mixing and fragmentation time constant in the Cho-Wright heat-
transfer model is very small (less than 1 ms) to simulate the above
flow behaviour, when a fuei particle diameter of 150 — 400 mm is
used. This could be explained by the hydrodynamic fragmentation
process, because the initial fuel ejection velocity was predicted to
be very high (several 10 m/s) as a result of the high fuel-pin
internal pressure. '

Following the short-term slug acceleration, the interaction
zone further expanded with sodium vapourisatiom. As shown in Fig.
11, the nominal SAS3D case tends to overestimate the expansion.
Because the interaction zone in SAS3D is treated uniformly (namely,
fuel and coolant mass and temperature distributions are smeared),
the resultant coolant heat-up is overestimated. A reduction of the
heat transfer in this period of MFCI gave a better agreement with
the experiment (see the best-estimate case in Fig. 11).

In the PAPAS-2S analysis in which the interaction zone is
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treated more in detail, the zone expansion as well as the flow
response was better reproduced with the same heat-transfer wmodel
(see Figs. 11 and 12).

Regarding the LOf effect on MFCI, BI2 revealed less violent
flow regsponse than AI3. This is mainly because the small coolant
subcooling in BI2 resulted in an earlier boiling onset and reduced the

fuel-to—-sodium heat transfer due to the effect of vapour blanketing.

Fuel motion

As discussed previously, the possibility of failure propagation
becomes higher under an energetic LOF-d-TOP condition. In the BI2
test, failure extension was observed by the hodoscope, though the
event occurred relatively slowly.

This phenomenon was simulated with PAPAS-2S by modelling a
delayed failure-rip extension toward the both axial directions,
i.e. 20 cm downward and 10 cm upward. The fuel motion behaviour in
this analysis 1s shown in Fig. 13. Compared with the fixed failure
condition, it was found that ﬁhe extended-failure condition
considerably alleviates fuel accumulation near the failure site and
promotes upward fuel motion, showing a better agreement with the
hodoscope data.

The normalised fuel worth behaviours in the above analyses
are shown in Fig. l4. It is confirmed that the effect of the failure
extension on the fuel dispersal is very important.

Also shown in Fig. 14 is the result of a SAS3D analysis.
Though the initial worth change is slightly larger, the later fuel
motion in SAS3D is less dispersive than the results by PAPAS-2S.
This difference again resulted from the simple modelling of the
interaction zone in SAS3D. Namely, a large amount of fuel ejected
during decompression phase in the MFCI zone is hardly accelerated
in SAS3D, while PAPAS-2S models the momentum coupling between fuel
particles and flowing vapour, resulting in a more dispersive fuel
behaviour.

It should be noted thét the above non-dispersive characteristics
of the SAS3D model is further enhanced in combination with the over-
compactive in-pin motion if the failure site approaches the core

midplane.
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It is therefore concluded that SAS3D potentially gives
conservative results from the viewpoint of the MFCI phenomenon under

energetic power burst conditions.

5. CONCLUSIONS

The CABRI experiment analyses presented in this paper have
significantly improved the understanding of the key phenomena relevant
to the IP energetics. In particular, it is confirmed as a general
trend that the dispersive potential of post-failure fuel motion is
enhanced by the several mechanisms being effective in LOF-d-TOP
events. Further, this potential is tightly related to the fuel
failure modes dominated by the energetic power burst conditiomns.

The validity and applicability of the PAPAS-2S, SAS3D and
SAS4A codes were intensively examined with supports of the highly
gualified experimental data. The current status of the experiment
analyses indicates that the SAS3D code is quite valuable especially
in a conservative assessment of the IP energetiecs, and that the
PAPAS=-25 and SAS4A codes are capable of analysing realistically the.
key phenomena and are effective in providing complementary information

for the S5A83D analysis.
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Table 1. Comparison of failure time and position
~ between experiments and analyses
* relative fuel height

‘Test | Time (ms) Position®
ID exp. PAPAS—S| exp. PAPAS—25S

Al3 82 85 0.599+0.04 0.57+0.03
BIZ 795 805 0.67+0.07 0.67+0.07
BHK 88 94 0.63+0.06 0.60+0.07

BI6 63 63 073, 055 0.70+0.03
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Fig. 8 Relationship between fuel failure energy and snergy rise rate
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Fig. 9 Transient cladding strain behaviour predicted by PAPAS—2S
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